Bacterial genomes can evolve either by gene gain, gene loss, mutating existing genes, and/or by duplication of existing genes. Recent studies have clearly demonstrated that the acquisition of new genes by lateral gene transfer (LGT) is a predominant force in bacterial evolution. To better understand the significance of LGT, we employed a comparative genomics approach to model species-specific and intraspecies gene insertions/deletions (ins/del among 12 sequenced streptococcal genomes using a maximum likelihood method. This study indicates that the rate of gene ins/del is higher on the external branches and varies dramatically for each species. We have analyzed here some of the experimentally characterized species-specific genes that have been acquired by LGT and conclude that at least a portion of these genes have a role in adaptation.
Introduction
With the availability of a large number of bacterial genomes, it has become evident that the gene set of an individual bacterial organism may not be completely representative of the other organisms belonging to the same genus/species. Even though the organisms belonging to the same genus/species share a common gene set (core), individual organisms differ in the subset of genes that are representative of the physiological and virulent properties of an organism (Wren 2000; Dobrindt and Hacker 2001) . This subset of genes is thought to be responsible for the survival of an organism in its chosen niche. This adaptation-specific variation can be due to gene gain by lateral gene transfer (LGT) (Lawrence 1997 (Lawrence , 1999 Lawrence and Ochman 1998; de Koning et al. 2000; Ochman et al. 2000; Lawrence and Ochman 2002; Springael and Top 2004; Hughes and Friedman 2005) , gene loss (Cole et al. 2001; Ogata et al. 2001; Foster et al. 2005) , or modification of some of the existing genes (Sokurenko et al. 1998; Feldgarden et al. 2003) . Acquisition of new genes by LGT is a predominant force in bacterial evolution (Lan and Reeves 1996; Ochman et al. 2000; Gogarten et al. 2002; Jain et al. 2003; Kunin and Ouzounis 2003; Mirkin et al. 2003; Snel et al. 2005) . Laterally acquired genes provide an organism with a readily available novel gene pool that provides additional physiological properties that are helpful for exploiting a new niche (Pal et al. 2005; Ricard et al. 2006) In the study of bacterial genome evolution, lateral transfers together with deletions can be inferred with parsimony (Daubin, Lerat, et al. 2003; Daubin, Moran, et al. 2003; Mirkin et al. 2003; Hao and Golding 2004) and maximum likelihood methods (Hao and Golding 2006) . However, the presence of genome sequences of congeneric species is the prerequisite for such a kind of analysis. The presence of multiple sequenced closely related genomes that inhabit different niches will not only enable us to get an understanding of the pattern of gene movement but also will provide us an excellent data set to gain insights into the role of species-specific genes. The Streptococcus genus, with 12 congeneric genomes sequenced, serves as an excellent group to model gene insertions and deletions. Moreover,
LGT has been widely recognized among Streptococcus species (Balsalobre et al. 2003; Broker and Spellerberg 2004; Franken et al. 2004; Towers et al. 2004; Green et al. 2005; Sumby et al. 2005) .
The genus Streptococcus comprises a wide variety of pathogenic and commensal gram-positive bacteria. They inhabit a wide range of hosts, including humans, horses, pigs, and cows. Within each host, streptococci are found to colonize diverse habitats including mucosal surfaces, pharynx and the respiratory, intestinal, and urinogenital tracts. The 12 genomes of Streptococcus belong to 5 species: Streptococcus pyogenes, Streptococcus agalactiae, Streptococcus pneumoniae, Streptococcus mutans, and Streptococcus thermophilus.
Streptococcus pyogenes belongs to group A Streptococcus
(GAS) and is a common cause of severe invasive infections resulting in high rates of morbidity and mortality. The common diseases caused by various strains of S. pyogenes include pharyngitis, cellulitis, sepsis, and acute rheumatic fever (Smoot et al. 2002) . Streptococcus agalactiae is a Lancefield's group B Streptococcus (GBS). It is a commensal bacterium inhabiting the intestinal tract of a significant proportion of the human population. Also present in the urinogenital tract, it is the leading cause of septicemia and meningitis in neonates (Glaser et al. 2002) . Streptococcus pneumoniae is a major cause of pneumonia and otitis media, and this species is one of the top 10 causes of death in the United States (Klein 1999) . A readily transformed organism, S. pneumoniae is a transient commensal inhabiting the throat and upper respiratory tract of humans (Hoskins et al. 2001; Tettelin et al. 2002) . Streptococcus mutans is the leading cause of tooth decay in humans (Ajdic et al. 2002) . Streptococcus thermophilus is a food microorganism with major economic importance. Streptococcus thermophilus is a ''Generally recognized as safe'' species widely used in the manufacture of dairy products (Bolotin et al. 2004; Hols et al. 2005) .
Methods

Sequences Used
The study involved 12 streptococcal genome sequences: S. agalactiae NEM316 (Sag1; NC_004368; Glaser et al. 2002) , S. agalactiae 2603V/R (Sag2; NC_004116; Tettelin et al. 2002) , S. mutans UA159 (Smu; NC_004350; Ajdic et al. 2002) , S. pneumoniae TIGR4 (Spn1; NC_003028; Tettelin et al. 2001) , S. pneumoniae R6 (Spn2; NC_003098; Hoskins et al. 2001) , S. pyogenes MGAS10394 (Spy1; NC_006086; Banks et al. 2004 ), S. pyogenes MGAS8232 (Spy2; NC_003485; Smoot et al. 2002) , S. pyogenes MGAS315 (Spy3; NC_004070; Beres et al. 2002) , S. pyogenes SSI-1 (Spy4; NC_004606; Nakagawa et al. 2003) , S. pyogenes M1 GAS (Spy5; NC_002737; Ferretti et al. 2001) , S. thermophilus CNRZ1066 (Sth1; NC_006449; Bolotin et al. 2004) , and S. thermophilus LMG18311 (Sth2; NC_006448; Bolotin et al. 2004 ). The genome of Lactococcus lactis (NC_002662; Bolotin et al. 2001 ) was used as an outgroup. All the sequences were downloaded from the National Center for Biotechnology Information (NCBI) database (ftp://ftp.ncbi.nih. gov/genomes/Bacteria).
Generation of Species Tree
A concatenated DNA sequence, obtained by joining the individual DNA sequences of rpoB, gltX, pheS, purD, recA, ynaE, and yjjG, was used to reconstruct the phylogeny of streptococcal taxa. The phylogeny was reconstructed using MrBayes (Huelsenbeck and Ronquist 2001; 200,000 generations, sampled every 100 generations with a gammadistribution model and invariant class). The robustness of the obtained phylogeny was tested using single-copy genes present in all 13 genomes (including L. lactis). A phylogeny for each gene was constructed by PROTML, and the consensus tree was generated by the CONSENSE program in the PHYLIP package version 3.6 (Felsenstein 1989) . To avoid the confounding effects of duplication during evolution (Gu et al. 2002; Zhang et al. 2003) , paralogs of gene families were excluded from the phylogeny construction.
Maximum Likelihood Analysis
The genes were first classified into gene families. The method to identify members of a gene family has been described in Hao and Golding (2004) . In short, potential homologs were identified according to sequence similarities, and all paralogs in each genome were clustered as a single gene family. The phyletic patterns (gene presence or absence in each genome) of all genes were used for a maximum likelihood analysis. The method to estimate the maximum likelihood value has been described earlier (Hao and Golding 2006) . In brief, gene presence or gene absence was treated as a binary character (0,1) state. If the evolutionary history is known, the probability of gene gain/loss can be computed from insertion and deletion rates. Like the maximum likelihood estimation of phylogeny using DNA sequence, the likelihood of a character state at any node on a given phylogeny can be calculated from the character states in the immediate descendant nodes. On each branch, the insertion rate was assumed equal to the deletion rate.
Several different models were used to estimate the maximum likelihood in this study. The branch-specific rates were optimized to find those rates that maximized the likelihood of observing the gene patterns.
Identification of Species-Specific Genes
The protein sequences from all the genomes were compared with each other using BlastP (Altschul et al. 1997) , with an E-value cutoff set at 1.0 3 10 À20 and an additional criteria of match length set at 85% of the query sequence. A set of genes present in all the strains belonging to a single species but not in any other streptococcal genomes under study were considered specific to that species. For example, the genes present in both strains of S. thermophilus (CNRZ1066 and LMG18311) but absent from the other streptococcal genomes were considered specific to S. thermophilus. It should be noted that all the speciesspecific genes of S. mutans that did not have a hit in NCBI nr database were treated as ORFans (an annotated gene that is uniquely present in one genome; Daubin and Ochman 2004) and not used for further analysis. As more data are accumulated, we are aware that what is considered unique in each species will be altered.
Lateral Gene Transfer
The unique proteins of each species were compared with the NCBI nr database using BlastP with the expect value cutoff set at 1.0 3 10 À10 to identify homologs in other organisms. For each protein, the first 50 hits with an expect value less than 1.0 3 10 À10 were chosen for further analysis regarding possible LGTs. The complete protein sequences of these 50 hits were extracted from the GenBank database, and a multiple alignment was performed using ClustalW (Thompson et al. 1994 ). The multiple alignment was used to generate a phylogenetic tree using the Neighbor-Joining method (Saitou and Nei 1987 ) using a distance matrix obtained from ''protdist'' (JTT model of amino acid change by Jones, Taylor, and Thornton 1992) , as implemented in PHYLIP (Felsenstein 2004) . Distances were calculated with C-distributed rates (a calculated using Tree-Puzzle; Strimmer and von Haeseler 1996) .
The genes present in the S. pyogenes taxa were used to calculate the K a /K s ratio (x) and tree length using the PAML package (Yang 1997) . The S. pyogenes speciesspecific genes were compared with the genes present in all 13 genomes. The tree length was calculated as the sum of the branch lengths for the taxa only within the S. pyogenes group using the maximum likelihood method from the PAML package. The tree length gives the expected number of substitutions per site along all branches in the phylogeny. A single K a /K s ratio was assumed throughout the length of each gene sequence in this study. To avoid the effects of duplication during evolution (Gu et al. 2002; Zhang et al. 2003) , paralogs of gene families were also excluded from the K a /K s ratio and tree-length analyses. Similarly, the K a and K s values were estimated between the 2 S. pneumoniae strains, between the 2 S. agalactiae strains, and between the 2 S. thermophilus strains. Protein sequences and their corresponding DNA sequences were extracted from the genome. Protein sequences were aligned using ClustalW (Thompson et al. 1994) , and nucleotide sequence alignments were created from the protein alignments by replacing each amino acid with its corresponding codon.
Testing for Positively Selected Sites
The genes present in the S. pyogenes taxa were used to test for sites under positive selection using the PAML package (Yang 1997) . Selective constraints across sites were estimated using different models of codon substitution (Yang et al. 2000) . Model M0 assumes that all amino acid sites have the same value of x. Model M3 assumes 3 classes of sites with x values. Model M7 (beta) assumes 8 classes of sites with x values, which are limited to the interval (0,1) and follow a beta distribution. Model M8 (beta 1 x) is similar to M7, but with an additional x category that can exceed 1. Nested models (M0 vs. M3 and M7 vs. M8) were compared using a likelihood ratio test. It has been shown that M7 versus M8 comparison is the most stringent test of positive selection (Anisimova et al. 2001) . Only the genes that were detected to have sites under positive selection from an M7 versus M8 comparison were used for further comparison.
Structural Analysis
Threaded protein structures for 3 proteins SpyM18_0133, SpyM18_0491, and SpyM18_0617 were created using Wurst (Torda et al. 2004) . Protein structure images were produced using RasMol 2.7.1 (Sayle and Milner-White 1995) .
Results
Reconstruction of Phylogeny
Because single-gene phylogenies might not always reflect the evolutionary history of species due to the high degree of LGT (Ochman et al. 2000; Kunin and Ouzounis 2003; Mirkin et al. 2003; Bapteste et al. 2005 ), a concatenated DNA sequence obtained by joining 7 DNA sequences was used to generate a species tree. The robustness of the tree was tested with 471 single-copy genes present in all 13 genomes. The consensus phylogeny obtained from the 471 single-copy genes was the same as obtained from the concatenated sequence indicating that it was a reasonable choice for phylogenetic construction. However, the number of genes which support the topology is low on some branches such as among the Spy strains, on the branch leading to Spy and Sag, on the branch leading to Spy, Sag, and Smu, and on the branch leading to Sag, Smu, and Sth ( fig.  1 ). The low support on these branches is almost certainly due to the lack of informative signals to distinguish the very short branches.
Insertion and Deletion Rates
The maximum likelihood analysis used the phylogeny obtained by concatenation of protein sequences to infer the -Robustness of the phylogeny based on concatenation of rpoB, gltX, pheS, purD, recA, ynaE, and yjjG DNA sequences. In all, 471 singlecopy genes, which are present in all 13 strains, were used to test the robustness of the tree. The topology of the consensus tree is exactly same as the concatenated DNA phylogeny. All branches are supported by posterior probability values of .90%. The number of genes supporting each branch is labeled next to that branch. The abbreviations are Spy1 (Streptococcus pyogenes MGAS10394), Spy2 (S. pyogenes MGAS8232), Spy3 (S. pyogenes MGAS315), Spy4 (S. pyogenes SSI-1), Spy5 (S. pyogenes M1 GAS), Sag1 (Streptococcus agalactiae NEM316), Sag2 (S. agalactiae 2603V/R), Smu (Streptococcus mutans UA159), Sth1 (Streptococcus thermophilus CNRZ1066), Sth2 (S. thermophilus LMG 18311), Spn1 (Streptococcus pneumoniae TIGR4), and Spn2 (S. pneumoniae R6).
relative insertion/deletion (ins/del) rates by assuming that individual insertion and deletion events occur independently. Assuming a single constant ins/del rate (a 5 b in fig. 2 ) on the phylogeny resulted in an ins/del rate of 1.17 (LnL 5 À16,148). This is larger than 1, which is the evolutionary time period required to observe one substitution per site, indicating a higher rate of gene ins/dels. It is greater than the rate inferred from a study of Bacillus strains (that rate was 0.51; Hao and Golding 2006) . When the ins/del rates were calculated separately for internal and external branches, the rates on external branches were higher than those on internal branches (2.14 vs. 1.01; LnL 5 À16,001). These results suggest that more gene ins/dels take place at the tips of the phylogeny. Additionally, when the ins/del rates were tested separately on species branches and within-species branches (as shown in fig. 3 ), it was found that within-species branches had a higher ins/del rate than the branches leading to a species and that ins/del rates varied among different species (table 1).
Faster Evolution of Recently Transferred Genes
The analysis of the tree length of the species-specific genes of S. pyogenes showed that the recently transferred genes have larger tree lengths indicating a faster rate of evolution ( fig. 4A vs. B; P , 0.001 in a Wilcoxon rank test). The analysis of the nonsynonymous/synonymous substitution rate (K a /K s ) ratio among the species-specific genes indicated that the genes transferred recently have a higher K a / K s ratio compared with the genes that have been resident within the species longer. The K a /K s ratio of the speciesspecific genes of S. pyogenes was higher compared with the genes that were present in all 13 genomes ( fig. 5A vs. B; a Wilcoxon rank test of the difference in these distribution is significant with P , 0.001). Similar results were obtained by comparing the 2 S. pneumoniae strains. The K a / K s ratio of the Spn-specific genes was higher than the genes present in all the 13 genomes. Moreover, both synonymous and nonsynonymous changes in Spn-specific genes are greater than those in the genes present in all 13 strains (each with P , 0.001 in a Wilcoxon rank test; fig. 6 ). Similarly, Sth-and Sag-specific genes evolve faster than their counterparts that are present in all the 13 genomes (data not shown).
Species-Specific Genes and LGTs
The species-specific genes of each species were divided into 3 categories: 1) LGTs (genes that cluster outside Firmicutes and are supported by a bootstrap value of 70 and above) and 2) possible multiple deletion or lateral transfers (MDLT; genes that cluster within Firmicutes) and 3) no hits (genes that have no hits in the NCBI database other than the species under study). Some of the species-specific genes for each species are discussed below. For the identification of LGT, the species-specific genes initially obtained were used for Blast analysis with a relaxed E value (1.0 3 10 À10 ) and no length constraint. As a result of this relaxation in the search criteria, the species-specific genes reported here are slightly lower than those used for the likelihood analysis. An entire list of species-specific genes can be found at http:// evol.mcmaster.ca/Streptococcus_specific.html.
Streptococcus mutans
The study identified a set of 151 genes that are specific to S. mutans of which LGT and MDLT together constitute 106 genes. Of the 106 laterally transferred genes' LGT/ MDLT, 78 are functionally annotated and the remaining encode hypothetical proteins. Twenty of the 78 functionally annotated laterally transferred genes (LTGs)encode transportrelated proteins. Some of the specific transport-related LTGs include SMU.1961 and SMU.1963 sugar-specific phosphotransferase system (PTS) and sugarbinding periplasmic protein, respectively, and possibly acquired from Lactobacillus johnsonii and SMU.1960 encoding a mannose-specific PTS that is possibly acquired from Leuconostoc mesenteroides. The acquisition of these genes might aid in the transport of sugars to and from the cells and help in adjusting to the high and low concentrations of sugars in the oral cavity (Vadeboncoeur and Pelletier 1997) . However, functional characterization of the remaining proteins will enable a better understanding about the adaptive nature of these proteins. Additionally, the acquisition of the alcohol dehydrogenase gene (adh) and an upstream gene SMU.118, encoding a protease from Actinobacillus pleuropneumoniae (see fig. 1 at http://evol.mcmaster.ca/ Streptococcus_specific.html) might enhance its ability to survive under low pH conditions (Korithoski et al. 2005) . The presence of the fru B gene encoding fructan hydrolase, the malolactic enzymes' mleR and mleS, and the genes gltA and gltB encoding glutamate synthase subunits might increase its ability to utilize a diverse array of carbohydrates (Bowden and Hamilton 1998; Ajdic et al. 2002) . The gene fic encodes a filamentous protein and might possibly aid in adhesion. The LTGs also included 3 bacteriocin-related proteins that are specific to S. mutans. Bacteriocins have antimicrobial effect on most of the gram-positive bacteria (Fabio et al. 1987; Ajdic et al. 2002) and might help in maintaining its niche. The bacitracin-encoding gene bacA1 is possibly acquired from Escherichia coli, whereas the genes SMU.1149 and SMU.1150 encoding bacteriocin immunity proteins are acquired from Staphylococcus warnerii. Another important feature of S. mutans is the presence of the genes belonging to histidine metabolism pathway (see fig. 2 at http://evol.mcmaster.ca/Streptococcus_specific. html). These results indicate that some of the S. mutansspecific genes confer on it abilities to survive under low pH conditions, metabolize a large variety of carbohydrates, and survive the competition from other microorganisms living in its habitat.
Streptococcus pneumoniae
The study revealed the presence of 288 speciesspecific genes for S. pneumoniae of which 117 were identified as LGT/MDLT. Unlike in S. mutans, where a majority of the LGT are functionally annotated, only half of the LGT have been assigned a putative function in S. pneumoniae. The LTGs/MDLT include a higher number of genes encoding restriction endonucleases agreeing with an earlier report of Martin-Galiano et al. (2004) , which suggested that a higher proportion of restriction endonuclease genes are acquired by LGT. The presence of these genes might help to keep a check on the foreign DNA that comes into the genome from its surroundings by transformation. Some of the functionally annotated LGT include the 3 genes encoding proteins related to spermidine synthesis and transport-spermidine synthetase (speE), carboxynorspermidine decarboxylase (nspC), and spermidine acetyltransferase (bltD). These together with the lysine decarboxylase gene, cad (spr0816), are acquired from Selenomonas ruminatum (see fig. 3 at http://evol.mcmaster.ca/Streptococcus_specific.html). The teichoplanin resistance protein-encoding gene vanZ that is possibly acquired from Clostridium tetani might lead to an increased resistance of S. pneumoniae against the antibiotics vancomycin and teichoplanin (Arthur et al. 1995) . Streptococcus pneumoniae has 2 copies of the gene (nanA and nanB) encoding neuraminidase (Camara et al. 1994; Berry et al. 1996) . The gene nanB appears to have been acquired from Macrobdella by LGT agreeing with an earlier study that also demonstrated the acquisition of nanB by S. pneumoniae via LGT (Martin-Galiano et al. 2004) . As neuraminidase causes damage to the cell wall of Neisseria meningitidis and Haemophilus influenzae, coinhabitants of the respiratory tract, the acquisition of a second copy of the neuraminidase gene might promote the colonization of S. pneumoniae to nasopharynx region (Tong et al. 2000; Shakhnovich et al. 2002) . The pyridoxine biosynthesis gene (pdx1) and a gene spr1321 (upstream of pdx1) had similarity to H. influenzae, another inhabitant of respiratory tract, suggesting that S. pneumoniae may have acquired these genes from H. influenzae by LGT, and they possibly have a role in colonization of S. pneumoniae in the respiratory tract. The species-specific genes also include the genes fcsK, fucU, fucA, and fcsR involved in fucose metabolism and possibly acquired from Clostridium perfrigens. However, the significance of these genes is not clearly understood as S. pneumoniae cannot utilize fucose as a solitary energy source (Hoskins et al. 2001 ).
Streptococcus agalactiae
The study identified a set of 222 genes that are specific to S. agalactiae of which 85 are LGT/MDLT. A majority (61/ 85) of the LTGs/MDLT encode hypothetical proteins. The prominent species-specific genes include gbs0671 encoding beta-glucuronidase, gbs1919 encoding a neuraminidase, and the gene cluster consisting of genes cylX-cylE that are responsible for the production of hemolysin. The presence of a gene encoding beta-glucuranidase (gbs0671) that catalyzes a wide variety of water soluble carbohydrates might help in a better survival of S. agalactiae in the gastrointestinal (GI) tract. A high similarity (74% identity based on BlastP search) of this gene to a gene in Haemophilus somnus, an inhabitant of intestinal and urinogenital tract of cattle, might suggest that it might have acquired this gene from H. somnus by LGT. The presence of a gene encoding neuraminidase, an antibacterial agent, might suggest a mechanism to survive the competition from other microflora inhabiting the GI tract, whereas the hemolysin produced by the cyl genes has been shown to have a role in pathogenesis (Spellerberg et al. 1999 (Spellerberg et al. , 2000 . Hemolysin causes injury to various epithelial and endothelial cells and macrophages and was found to be responsible for the activation of endothelial cell genes that are implicated in inflammatory response of S. agalactiae-induced meningitis (Yother et al. 2002) .
Streptococcus pyogenes
The analysis identified a set of 169 genes that are specific to S. pyogenes. Of the 169 species-specific genes, only 47 were identified as LGT/MDLT. The prominent speciesspecific LTGs include salR, salY, and salA, belonging to an operon that imparts resistance against salivaricin. This operon is present in another species of Streptococcus, Streptococcus salivarius but absent in S. agalactiae, S. pneumoniae, S. mutans, and S. thermophilus indicating that S. pyogenes might have acquired these genes from S. salivarius by LGT. In light of a recent study indicating that a salivaricin-related gene, salA, can modulate lantibiotic production and possibly influence the population ecology in the oral cavity (Upton et al. 2001) , the acquisition of salivaricin-related genes could possibly help in a better survival of S. pyogenes in its niche. The other set of S. pyogenes-specific genes include the gene cluster consisting of genes sagA-sagI that encode streptolysin S, an oxygenstable cytolytic toxin (Nizet et al. 2000) . This gene cluster might help in pathogenesis as streptolysin elicits a cytotoxic effect and inhibits neutrophil phagocytosis in vitro and has also been found to cause soft-tissue damage in a murine model (Yother et al. 2002) . Interestingly, S. pyogenes has the enzymes hutH, hutU, hutI, and hutG that are responsible for the degradation of amino acid histidine to L-glutamate (see fig. 4 at http://evol.mcmaster.ca/Streptococcus_specific. html). This is surprising because S. pyogenes does not have the enzymes related to the histidine metabolism pathway, probably suggesting that S. pyogenes may be able to absorb histidine from its host and convert it to glutamate to use as an energy resource. However, S. thermophilus has the first 2 enzymes (hutH and hutU) in this pathway, and they are not homologous to those present in S. pyogenes.
Streptococcus thermophilus
The study identified 267 species-specific genes for S. thermophilus of which only 68 were classified as LGT/ MDLT. Of the 68 LTGs/MDLT, 26 encode hypothetical proteins, whereas the remaining are functionally annotated. One of the important abilities of S. thermophilus is to hydrolyze urea present in milk. The urease gene cluster absent in other studied taxa is responsible for the hydrolysis of urea (Mora et al. 2004 (Mora et al. , 2005 and has also been identified to have a role in stress response that helps in the survival of S. thermophilus under low pH conditions (Mora et al. 2005) . The regulatory mechanism of the urease gene cluster in S. thermophilus is also modified to be independent of carbohydrate concentration, unlike the closely related S. salivarius, where the regulation is driven by carbohydrate concentration (Chen et al. 1998 ). This could be due to the fact that carbohydrate is never a limiting factor for S. thermophilus (due to its utilization of milk) unlike for S. salivarius, which inhabits the oral cavity. Some of the other functionally characterized S. thermophilus-specific genes include the genes tatA and tatC that are a part of twin arginine translocase system and the genes labB, labC, and labT responsible for the synthesis and transport of a lantibiotic. Though most of the genes related to virulence factors have been lost or reduced to pseudogenes in S. thermophilus (Bolotin et al. 2004) , we found that it has the genes labB, labC, and labT, probably encoding bacteriocins. The role of these genes is not clearly understood, but there have been reports suggesting the production of bacteriocins by S. thermophilus, which have antibacterial effects (Ward and Somkuti 1995; Ivanova et al. 1998 ). This may be one of the mechanisms to survive competition, using milk as a primary food source.
How Adaptive Are LGTs?
The above analysis of the species-specific genes indicates that a portion of the genes acquired by LGT are probably adaptive and might help in better survival of the organism in its chosen niche. To get further insights into the adaptive role of LGT, we compared the recently transferred genes of S. pyogenes with the genes that have had a longer residence time to get a measure of the proportion of LGT evolving under positive selection. The results indicate that the proportion of genes under positive selection (according to PAML) is 3-fold higher for the recently FIG. 6 .-Fast and relaxed evolution in the Streptococcus pneumoniae-specific genes. The regression line for genes present in all 13 strains is y 5 0.067x 1 0.001 (R 2 5 0.386), whereas the regression line for S. pneumoniae-specific genes is y 5 0.399x À 0.001 (R 2 5 0.466).
transferred genes compared with the ancient genes. Only 6% of the ancient genes showed traces of positive selection compared with 19% of the genes that indicated positive selection in case of the recently transferred genes (table 2).
Structure Analysis
We were able to predict the threaded structures for only 3 of the 26 proteins that were identified to be under positive selection. Mapping of positively selected sites on the corresponding protein structures revealed that the positively selected sites were mostly on the surface of the protein molecules ( fig. 7 ).
Functional Classes of Genes in Gene Patterns
We have classified the genes in each pattern (patterns as listed is table A.1, Supplementary Material online) into functional categories based on COG database (Tatusov et al. 2000) to understand the role of gene gains/gene losses in these genomes. As expected, the highest percentage of genes present in all the taxa (pattern 111111111111) belonged to information processing representing the core genes that are less amenable to lateral transfer (Jain et al. 2003) . Interestingly, the second most abundant class of genes in this category represented the genes whose functions are uncharacterized to date. The presence of a large number of hypothetical genes conserved across all the taxa suggests important roles for these genes. Analysis of the genes belonging to other patterns revealed that about 35-60% of these genes encode hypothetical proteins. It is clearly evident from figure 8 that the genomes also have a tendency to lose specific sets of genes. Streptococcus pyogenes appears to have specifically lost many genes that are involved in amino acid metabolism and transport (yellow vertical bars in fig. 8 ), whereas S. mutans and S. thermophilus appears to have lost some of the genes responsible for carbohydrate metabolism and transport that are present in the other Streptococcus genomes (dark green vertical bars in fig. 8 ).
Discussion
In addition to classical evolutionary change via singlesite substitutions, bacterial genomes also evolve rapidly by gaining a new set of genes, by losing an existing set of genes, and/or by duplication of its genes. Although evolution by duplication seems to be less prevalent among bacteria, acquiring a new set of genes that give an adaptive advantage is one of the prominent features of bacterial evolution (Lan and Reeves 1996; Gogarten et al. 2002; Jain et al. 2003) . Bacteria modify their genomes in such a way that it gives them evolutionary advantage and helps survival in their chosen niche (Sokurenko et al. 1998; de Koning et al. 2000; Wren 2000; Feldgarden et al. 2003; Read et al. 2003) .
A comparison of the closely related bacterial species that live in different habitats will help to identify speciesspecific genes that are responsible for its survival in that particular environment. The current study involved the comparison of streptococcal genomes belonging to 5 different species that live in different habitats. The insertion and deletion rates were modeled using maximum likelihood to understand the rate of ins/del at different levels of the phylogeny.
The primary requirement for the maximum likelihood modeling is the presence of a robust phylogeny for the genomes under study. Phylogenies obtained from single genes can sometimes be distorted due to rampant LGT (Ochman et al. 2000; Kunin and Ouzounis 2003; Mirkin et al. 2003; Bapteste et al. 2005) , and rRNA sequences are not useful due to the lack of informative characters differentiating closely related species and varying functional constraints over the molecule (Fox et al. 1992; Santos and Ochman 2004) . We used a concatenated DNA sequence obtained by joining the sequences of 7 genes to reconstruct the phylogeny of streptococcal species. The 7 genes were chosen such that they were present in all taxa in this study. To reduce computational burden, only 7 genes rather than a larger number of genes were chosen. The robustness of the topology was tested using the phylogenies of 471 single-copy genes present in all taxa. The topology of the concatenated tree was identical with the consensus tree generated using 471 genes present in all the 13 genomes.
Assumption of a constant ins/del rate on internal and external branches resulted in a single constant ins/del rate of 1.17 gene gain/loss per rate of base substitution. Branch lengths are measured relative to the estimated number of base substitutions, suggesting that there is 1 gene gained/ lost for every nucleotide substitution. The rate of ins/del on external branches (2.14) is higher than that on internal branches (1.01). Because the branch lengths leading to the Spy strains are small and yet they vary in gene content, the raw data also suggest that the rate of ins/del is larger than that of base substitution. The high ins/del rate indicates that the gain/loss of genes plays an important role in the evolution of streptococcal genomes. These results are supported by a recent study by Ochman and Davalos (2006) , which shows a high gene turnover rate in the evolution of E. coli. Moreover, the presence of about 10-20% of the genes that are specific to each species and only 838 genes that are common to all the taxa studied (see table A.1, Supplementary Material online) indicates that these genomes evolve largely by gene gain/loss. The rate is twice the rate obtained for the Bacillus group (0.51) in another study (Hao and Golding 2006) . The higher rate in Streptococcus, which forms a more closely related group than the Bacillus strains according to the rate of base substitutions, confirms the earlier study in Bacillus that inferred a higher rate of gene transfer at the tips of the phylogeny (Hao and Golding 2006) . The higher ins/del rate at the tips of the phylogeny is further confirmed by an almost 2-fold higher rate on external branches compared with the internal branches. Similar results were observed by comparing the ins/del rates on the species-specific branches with those on the within-species branches. The different inferred rates for different species could be due to slightly different genome sizes of different species. However, genome-size change is mainly due to the expansion of gene family size in large genomes, and LGT plays little role (Pushker et al. 2004; Wiezer and Merkl 2005) . The rate estimation of ins/del is robust for different cutoffs used for determining gene homologues. Different cutoffs (expect value , 10 À20 with match length . 85%, expect value , 10 À10 with match length . 70%, and expect value , 10 À5 with match length . 50%) show the same essential trend that external branches tend to have higher rates of ins/dels than internal branches (Supplementary Material online).
In this study, the phyletic patterns were derived primarily from genome annotation. As described previously in Hao and Golding (2006) , nonannotated genes were picked up via a TBlastN search, and genes that are uniquely present in only one studied genome were removed from the study. Furthermore, a comparison was made by removing the ORFs only present in Spy but not present in any other complete bacterial genomes (Supplementary Material online). The rates do not change remarkably after removing the Spy group unique genes. This suggests that the fast rate of evolution of recently acquired genes is not an artifact of fast-evolving but erroneously annotated ORFs in Spy.
It is clearly evident from the results of this study that about half of the species-specific genes are possibly acquired by LGT. Most of these genes come from diverse backgrounds (table 3), and many of these genes encode hypothetical proteins. However, it appears that the laterally acquired genes fall into 2 broad categories: genes that help to sustain the bacteria in a niche and survive the competition from other inhabitants of its niche and genes that help in virulence and pathogenesis. The acquisition of large number of transport and carbohydrate metabolism-related genes by S. mutans appears to be in accord with its ability to survive under low pH conditions in the oral cavity. On the other hand, the acquisition of many genes that encode restriction endonucleases probably helps S. pneumoniae keep a check on the foreign DNA that comes in by transformation. The presence of many genes that encode hypothetical proteins currently prevents us from a detailed understanding of the significance of these genes. Considering that 28% of the essential genes of a minimal bacterial genome encode hypothetical proteins (Glass et al. 2006) , these hypothetical proteins in streptococcal genomes could have a larger role.
The K a /K s ratio and the tree-length analysis of the species-specific genes suggest that the recently transferred genes tend to evolve faster and have more relaxed constraints than ancient genes. These results agree with the earlier results in E. coli and Bacillus, which reported that the recent transfers have relatively higher K a /K s ratios (Daubin and Ochman 2004; Hao and Golding 2006) . Moreover, recently transferred genes also show greater evolutionary changes (both synonymous and nonsynonymous) than those of ancient genes. Perhaps many of these genes might be evolving faster as they have no functional constraint and are on their way out. An argument for some beneficial genes that have a role in adaptation can also be made. A comparison of the recently transferred genes of S. pyogenes with those of the ancient genes indicates that the recently transferred genes have a higher proportion (18% vs. 6%) of genes that evolve under positive selection, which suggests that at least some of these laterally acquired genes have an adaptive role. The number of genes having positively selected sites could be an underestimate as the method used to detect positive selection in this study has been shown to be conservative (Anisimova et al. 2001 ). The high proportion of genes under positive selection in recently transferred genes is consistent with their higher K a /K s ratios ( fig. 5) . From the results of the S. pyogenes study and some of the genes discussed herein, it can be speculated that at least 15-20% of the LGT have an adaptive role. However, as a majority of these LGT encode hypothetical proteins, the functional characterization of these hypothetical proteins will be critical for a complete understanding of the role of LGT in adaptation.
Supplementary Material
A supplementary table A.1 is available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/).
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